Photochemical reaction in three different water-developable flexographic printing plates was characterized. The distribution of photochemical reaction in the direction of thickness was evaluated by utilizing 13C NMR and IR (ATR) measurements, and the results obtained showed that the distribution of reaction as well as the overall reaction in the printing plates depends on the plate compositions. 1H NMR analysis for soxhlet extracts of exposed samples showed that the reactivity of monomers depends on its structure and molecular weight in relating to a specified phase condition of the composition.
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1.Introduction
Photosensitive image forming materials are widely used in the field of photoresist, display, recording, film negative and printing plate. [1, 2] The applications for printing plates include photosensitive flexographic printing, which is used for rotary printing with sheet-like elastic relief plate and fast drying ink such as water-or alcoholbased ink. Flexographic printing has the next largest shear to offset printing in the global printing markets due to its wide applicability and high productivity. [3, 4] While halogenated organic solvents have been used as developer in this field, water-developable plates are appearing as alternatives from the viewpoint of safety issue. [5] [6] [7] [8] As relief with 0.7-1.5 mm of depth is required for a plate with 1-7 mm of thickness, high transparency and reactivity of plates are the key factors to design a high-quality flexographic plate composition. In addition, the water-developable plates should satisfy two opposite requirements; one is hydrophilicity to be essential for water developing, the other is hydrophobicity to resist the corrosion by hydrophilic ink. Many approaches to obtain the water-developable photosensitive flexographic printing plates have been presented so far. [9] [10] [11] [12] For this objective, we have been reported the photosensitive compositions consisting of linear hydrophilic polymers and linear hydrophobic polymers with (meth)acrylate monomers. [13] [14] [15] [16] [17] [18] [19] [20] [21] Other blending systems comprising cross-linked hydrophilic polymers and linear hydrophobic polymers have also been reported. [22] [23] [24] [25] [26] [27] [28] [29] [30] Phase separation may exist in these photosensitive flexographic compositions, because they comprise polymers with different chemical structures. [31] Control of photochemical reaction in the phase separated system is necessary to obtain the printing plates with high resolution. Although fundamental understanding of the photochemical reactions based on chemical analysis is important for this purpose, no works from this point of view have been reported to our knowledge.
In this paper, photochemical reactions in waterdevelopable flexographic printing plates, two commercial products and an experimental plate, are compared by chemical analysis, and difference in characteristics among the plates will be discussed.
2.Method 2.1.Materials
As commercial photosensitive flexographic printing plates, Flexeed® ZX112 (Nippon Paint Co., Ltd., thickness: 3.0 mm) comprising several (meth)acrylates as photopolymerizable monomers and Cyrel® AQS (Du Pont Co., thickness: 2.8 mm) comprising single methacrylate monomer were selected.
An experimental printing plate was prepared according to the patents. [19] [20] [21] Carboxylated polyurethane (11g), poly(acrylonitrile-co-butadiene) (41g), Polybutadiene (12g), polybutadiene diacrylate (Mn-8OOO) (26g), 1,6-hexanediol dimethacrylate (8g) and benzildimethylketal (2g) and were mixed with 50g of toluene and 10g of water at 105°C, and then the toluene and water were evaporated under reduced pressure. To prepare a photosensitive composition plate with 2.8 mm of thickness, the composition obtained was heat-pressed between polyethylene terephthalate (PET) films under 100kg/cm2 of pressure at 105°C (one of the PET films was coated with adhesive layer, and the other was coated by detack layer). The plate obtained is called TR-1 hereafter and its composition is listed in Table 1 .
2.2.Analysis of Plate Composition
Soxhlet extraction of Flexeed® ZX112 and Cyrel® AQS using ethyl acetate or methanol was carried out in the dark condition. The extract was separated into several fractions with GPC. Each fraction and the residue of extraction were characterized with IR and 1H NMR (solvent: CDC13), respectively.
Analytical results are summarized in Table 1 .
Characterization of Photochemical Reaction
The printing plates, of which the cover films and coating layers were removed, were exposed to the radiation of a lamp (FR2OT12-BL-9-BP, Anderson A Veeland Co., 17.5 W/cm2 at 365 nm) for several radiation times. The exposed plates were kept in the dark and provided for the characterization. 13C NMR measurement was carried out for the plates filled in a 10mm~b NMR sample tube directly (measuring condition was similar to general solution NMR measurement) with a Varian Unity-500 NMR Spectrometer. IR spectra for surface region of the plates were measured with a germanium prism for ATR mode by using a BioRad FTS-60 spectrometer.
Quantification of unreacted monomers was also carried out by soxhlet extraction of the exposed plate by ethyl acetate in the dark and the following 'H NMR measurement of the extracts in CDCl3. 13C NMR spectra of Flexeed° ZX112 before and after exposure to the radiation are shown in Figure  1 . The printing plates before the exposure are in the rubber state, so that the molecular mobility of each component is high enough for 13C NMR measurement even in the bulk state. Signals at 162-169 ppm are assigned to carbonyls of methacrylates and acrylates. These signals decreased with the progress of polymerization due to the decrease in the mobility of reacted species. Change in the integral intensity of these signals was used to evaluate the progress of photopolymerization of the monomers as the whole plate. Figure 2 shows ATR spectra of Flexeed° ZX112 before and after exposure to the radiation. As a germanium prism was used, infrared absorption from the surface to ca. 1 µm depth is detected. A peak at 810 cm'' is out-of-plane vibration of C-H bonds in the acrylates and methacrylates. This absorption at the exposed side decreased with exposure time. On the other hand, almost no change was detected at the opposite side of exposure.
Quantification of the progress of reaction near the exposed surface was determined by the change in relative intensity of the peak at 810 cm' to a reference peak of which intensity does not change with polymerization. For Flexeed° ZX112, the out-of-plane vibration for C-H bond in polyisoprene double bond at 836 cm' was selected as the reference. Figure 3 shows the progress of reaction with exposure time, as the whole printing plate determined by 13C NMR measurements and at the surface of exposed side determined by ATR measurement. Although both the conversion at the surface exposed and the overall conversion increased with exposure time, it was clearly observed that the polymerization occurred predominantly at the surface of exposed side. In this system, several reactive monomers, lauryl methacrylate, N-[3-(dimethylamino)propyl]methacrylamide, alkylene glycol dimethacrylate(n-10), bishydroxyethylbisphenol A diacrylate and so on, were contained in the plate. The extracts by soxhlet with ethyl acetate for the plate exposed for 240 seconds showed that the ratio of unreacted monomers was not the same as that before Figure 4 . The reaction proceeded with exposure time as in the case of Flexeed° ZX112, however, the reaction rate of Cyrel® AQS was faster than that of Flexeed® ZX112. In addition, a remarkable difference in these two systems is that the polymerization of hexanediol dimethacrylate at the surface of exposed side in Cyrel® AQS was very fast and saturated near 50 seconds of exposure.
A experimental printing plate containing hexanediol dimethacrylate and low molecular weight polybutadiene diacrylate (Mn8OOO) Nas reactive species was prepared (TR-1), and similar characterization was also carried out. The results are shown in Figure 5 . The overall reaction rate of TR-1 was the same level as that of Cyrel® AQS. The reaction rate of TR-1 at the surface of exposed side was smaller than that of Cyrel® AQS. Characterization of the extracts by soxhlet with ethyl acetate for the plate exposed for 100 seconds showed that hexanediol dimethacrylate reacted ca. three times as fast as polybutadiene diacrylate.
4.Discussion
Comparison of photochemical reaction in three different water-developable flexographic printing plates showed that the difference in reactivity among the plates was not only the overall reaction rate but also the distribution of reaction from the exposed surface to the opposite side.
Furthermore, difference in the reactivity among monomers was detected. The photopolymerization in the plates is radical polymerization with the radicals produced by photoreaction of the initiators. The matrix polymers play a role as the solvent in the solution polymerization. As several polymers and low molecular weight compounds such as monomers, photoinitiators and additives are in the plates, phase separation may occurred and this makes the photoreaction in the plates complex. The monomer reactivity is related to the phase conditions in the plates as well as monomer structure itself. From these reasons, systematic conclusion about the monomer reactivity may not be pursued. However, some tendencies can be considered as follows.
In the difunctional monomers, the reactivity of hexanediol dimethacrylate was higher than that of polybutadiene diacrylate (Mn-8000) in TR-1. Radical terminal in the low molecular weight difunctional monomers has advantage to find the other reactive terminal in the same molecule, and higher diffusivity of low molecular weight monomers in the polymer matrix is also favorable for the polymerization.
In the case of monofunctional monomers, N-[3-(dimethylamino)-propyl]methacrylamide showed much higher reaction rate than Lauryl methacrylate in Flexeed TM ZX112. There is not much difference in molecular weight in theses two monomers. The reactivity of N-[3-(dimethylamino)propyl]-methacrylamide may be activated more than Lauryl methacrylate in the phase condition of Flexeed TM ZX112, which was formed by many components. In addition, as hydrophilic carboxylated polybutadiene exists as a dispersed phase in the composition, N-[3-(dimethylamino)-propyl]methacrylamide, which is more hydrophilic than lauryl methacrylate, may localize near the dispersed phase to increase its local concentration.
The distribution of reaction in the direction of thickness and the difference of monomer reactivity have influence on the relief formation in the photosensitive flexographic printing plates. As shown in this study, chemical analysis is useful to understand basic phenomena in the photosensitive composition and to design a highquality photosensitive image forming composition.
5.Conclusion
Characterization of photochemical reaction in water-developable flexographic printing plates based on chemical analysis gave following information: 1) The distribution of photochemical reaction in the direction of thickness was successfully evaluated by utilizing 13C NMR and IR (ATh) measurements.
2) Both the overall reactivity and distribution of reaction in the printing plates depend on the plate compositions.
3) Difference in the reaction rate among monomers in a plate was detected by quantitative analysis of unreacted monomers after exposure with the soxhlet extraction and following 'H NMR measurement of the extract.
These new approaches to understand the photochemical reaction in printing plates are helpful to design a high-quality photosensitive image forming composition in the future.
